Skeletal muscle-derived cells have strong secretory function, while skeletal muscle-derived stem cells, which are included in muscle-derived cells, can differentiate into Schwann cell-like cells and other cell types. However, the effect of muscle-derived cells on peripheral nerve defects has not been reported. In this study, 5-mm-long nerve defects were created in the right sciatic nerves of mice to construct a peripheral nerve defect model. Adult female C57BL/6 mice were randomly divided into four groups. For the muscle-derived cell group, muscle-derived cells were injected into the catheter after the cut nerve ends were bridged with a polyurethane catheter. For external oblique muscle-fabricated nerve conduit and polyurethane groups, an external oblique muscle-fabricated nerve conduit or polyurethane catheter was used to bridge the cut nerve ends, respectively. For the sham group, the sciatic nerves on the right side were separated but not excised. At 8 and 12 weeks post-surgery, distributions of axons and myelin sheaths were observed, and the nerve diameter was calculated using immunofluorescence staining. The number, diameter, and thickness of myelinated nerve fibers were detected by toluidine blue staining and transmission electron microscopy. Muscle fiber area ratios were calculated by Masson's trichrome staining of gastrocnemius muscle sections. Sciatic functional index was recorded using walking footprint analysis at 4, 8, and 12 weeks after operation. The results showed that, at 8 and 12 weeks after surgery, myelin sheaths and axons of regenerating nerves were evenly distributed in the muscle-derived cell group. The number, diameter, and myelin sheath thickness of myelinated nerve fibers, as well as gastrocnemius muscle wet weight and muscle area ratio, were significantly higher in the muscle-derived cell group compared with the polyurethane group. At 4, 8, and 12 weeks post-surgery, sciatic functional index was notably increased in the muscle-derived cell group compared with the polyurethane group. These criteria of the muscle-derived cell group were not significantly different from the external oblique muscle-fabricated nerve conduit group. Collectively, these data suggest that muscle-derived cells effectively accelerated peripheral nerve regeneration. This study was approved by the Animal Lu HB, Jin XL, Feng WF, Yang XN, Qi ZL (2020) 
Introduction
The gold standard for treatment of peripheral nerve defects is nerve autografting. However, because of its limitations, such as a finite number of donated nerves and increased morbidity at donor sites (de Medinaceli et al., 1993; Kim et al., 2003) , an alternative option with satisfactory outcomes for repairing peripheral nerve defects is still needed.
Seeding nerve conduits with cells is currently a promising technique for peripheral nerve tissue engineering. Seeded cells include Schwann cells, Schwann-like cells, skin-derived precursors, and different kinds of stem cells, e.g. embryonic stem cells, bone marrow-derived mesenchymal stem cells, and adipose-derived stem cells (Walsh et al., 2009; Fan et al., 2014; Jiang et al., 2016; Sowa et al., 2016; Xiang et al., 2017; Zheng et al., 2017; Cao et al., 2019) , which can participate in peripheral nerve repair through their differentiation, secretion, or delivery functions (Pang et al., 2013; Fan et al., 2014; Jiang et al., 2016 Jiang et al., , 2017 . Therefore, we suspected that cells with the potential to both secrete neurotrophic factors and differentiate into cellular components of peripheral nerves may be used as a source of seed cells to promote nerve repair.
Sections of skeletal muscle have been used to bridge peripheral nerve defects for a number of decades and have demonstrated promising results towards peripheral nerve recovery (Brunelli et al., 1993; Battiston et al., 2000; Geuna et al., 2004; Meek et al., 2004; Ronchi et al., 2018) . Another effective method involves the fabrication of fresh mouse muscles into a hollow nerve conduit, termed an external oblique muscle-fabricated nerve conduit (EMC), to repair sciatic nerve defects (Yang et al., 2013) . Thus, the cellular components of muscle may play an important role in the repair process.
Skeletal muscle-derived cells (MDCs) consist of myocytes, fibroblasts, muscle progenitor cells, and muscle-derived stem cells (MDSCs) (Chen et al., 2016; Weng et al., 2018) . MDCs secrete up to 300 factors, known as myokines, such as brain-derived neurotrophic factor (Le Bihan et al., 2012; Raschke et al., 2013; Hartwig et al., 2014) . In addition, MDSCs can differentiate into Schwann cell-like cells in vivo and in vitro (Lavasani et al., 2014; Tamaki et al., 2014) . To our knowledge, however, MDCs have not been utilized as a cell source for peripheral nerve reconstruction. Thus, we speculated that MDCs could have therapeutic potential for peripheral nerve repair. This study aimed to assess the capability of MDCs to promote peripheral nerve regeneration.
Materials and Methods

Animals
Wide-type, female, 8-week-old C57BL/6 mice (n = 80), weighing 22-24 g, were obtained from Vital River Laboratory Animal Technology [Beijing, China; License No. SYXK (Jing) 2015-0009] . Mice, fed with normative murine food and water, were housed with 12-hour light/dark cycles. This study was approved by the Animal Ethics Committee of Plastic Surgery Hospital, Chinese Academy of Medical Sciences (approval No. 040) on September 28, 2016. All animal care and animal surgeries were performed in strict conformity with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1985) .
Prior to surgery, a total of 64 C57BL/6 mice were randomly and evenly assigned to four groups: sham (n = 16, nerves were exposed without excision), polyurethane (PUR; n = 16, cut nerve ends were bridged with a polyurethane catheter), EMC (n = 16, cut nerve ends were bridged with an EMC), and MDC (n = 16, cut nerve ends were bridged with a polyurethane catheter seeded with MDCs). Eight mice were sampled from each group at each time point; four were used for frozen sectioning and immunofluorescence staining, while the others were used for transmission electron microscopy (TEM; JOEL, Tokyo, Japan).
Cell culture and identification
MDCs were isolated from eight C57BL/6 mice and cultured according to a previously reported protocol (Chen et al., 2016) . Mice were anesthetized by intraperitoneal injection using pentobarbital sodium (0.05 mg/g body weight; Sigma, Shanghai, China). Briefly, skeletal muscles of mouse hind limbs were explanted and cut into 1-mm 3 fragments, which were enzyme-digested with 2.4 U/mL dispase (Solarbio, Beijing, China) and 0.2% collagenase II (Sigma, Saint Louis, MO, USA) in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone, Logan City, UT, USA) at 37°C for 2 hours. After filtration with a sterile 70-μm cell strainer (Corning, NY, USA), cells were centrifuged and cultured with DMEM containing 10% fetal bovine serum (Gibco-AUS, Thornton, NSW, Australia). The density of seeded cells was 2 × 10 4 cells per 1 cm 2 . The medium was replaced every 72 hours. Cells were subcultured at the same density when confluency exceeded 80%. Passage 1 MDCs were applied for all subsequent procedures.
After fixation of cultured cells with 4% paraformaldehyde, MDCs were washed, followed by a rinse with 0.1% Triton X-100. After blocking, cell phenotypes were assessed by staining with rabbit anti-vimentin (1:250; Abcam, Cambridge, UK), mouse anti-MyoD (1:100; Abcam), and rabbit anti-desmin (1:100; Abcam) antibodies at 4°C for at least 8 hours. MDCs were then incubated with Alexa Fluor 594-conjugated goat anti-rabbit (Abcam) or Alexa Fluor 488-conjugated goat anti-mouse (Abcam) IgG secondary antibodies. Nuclei of MDCs were stained with 4′,6-diamidino-2-phenylindole (DAPI; Solarbio). Stained cells were observed by fluorescent microscopy (Leica, Wetzlar, Germany) and images were obtained.
Fabrication of skeletal muscle nerve conduits
Eight C57BL/6 mice were used for the preparation of skeletal muscle nerve conduits (Yang et al., 2013) . Mice were anesthetized by intraperitoneal injection using pentobarbital sodium (0.05 mg/g weight; Sigma). An incision on the lower dorsal part was created after shaving and sterilizing. Subcutaneous layers were separated to expose the external oblique muscle ( Figure 1A) , which was then explanted. The inner side was carefully trimmed to expose the muscle fibers and cut into a 7 mm-long thin slice ( Figure 1B) . This inner side was folded inwards and wrapped around a 25-gauge syringe needle, while the two long lateral edges of the thin slice were discontinuously stitched with 11-0 sutures to form an EMC (Figure 1C and D) .
Surgical procedures
Surgery was performed on the right hind limb. After anesthesia induction with pentobarbital sodium, the retral skin of the operated limb was incised. The sciatic nerve was exposed after the separation of skin and gluteal musculature. Sciatic nerves on the right side of sham group mice were separated but not excised (Sowa et al., 2016) . For EMC and PUR groups, the 5-mm long sciatic nerve was removed, and a 5-mm gap between was created between the cut ends. The two nerve stumps were bridged with an EMC or PUR conduit (both 7-mm long), and stitched with 11-0 sutures to guarantee a 5-mm long defect left between the cut ends (Yang et al., 2013) . A 2 μL mixture of DMEM and Matrigel (BD Biocoat, Bedford, MA, USA) in equal parts was injected into the EMC or PUR conduit. For the MDC group, after bridging the two cut ends with the PUR conduit and leaving a 5-mm gap, 2 × 10 4 MDCs in a 2 μL mixture of DMEM and Matrigel in equal parts was slowly injected inside. The skin incision was closed. Animals were allowed to recuperate with access to food and water.
At 8 and 12 weeks post-surgery, mice were sampled after anesthesia was induced by intraperitoneal injection with pentobarbital sodium (0.05 mg/g weight; Sigma). Both the nerve segment and gastrocnemius muscle on the repaired side were harvested for further examination. In each group, nerve samples were collected from eight mice at each time point, four of which were used for frozen sectioning, while the others were prepared for TEM.
Histological examination
At 8 and 12 weeks post-surgery, a 3-mm segment from the middle of the nerve was harvested from the repaired site. After fixation with 4% paraformaldehyde for 24 hours and dehydration with sucrose solution (20%) at 4°C for 24-48 hours, nerve samples were embedded with Optimal Cutting Temperature compound, and sliced into 8 μm-thick frozen transverse sections. Sections were then rinsed with phosphate-buffered saline (PBS), 0.3% Triton X-100, and blocked with 10% normal goat serum. Nerve sections were subsequently incubated with rabbit anti-neurofilament heavy (NF-H) polypeptide (1:500; Abcam) or rabbit anti-S100β (1:200; Abcam) antibody overnight at 4°C. After washing, sections were incubated with Alexa Fluor 488-or Alexa Fluor 594-conjugated goat anti-rabbit IgG (Abcam) secondary antibodies. Cell nuclei were counterstained with DAPI. Slides were viewed and imaged using fluorescent microscopy (Leica). Nerve diameters were measured from immunofluorescence staining images of nerve cross-sections using ImageJ v1.51 software (NIH, Bethesda, MD, USA). Four images from each group were measured.
Morphological assessment
Eight and 12 weeks after operation, sampled nerve specimens were immersed in 2.5% glutaraldehyde at 4°C overnight for fixation. The following day, samples were rinsed in PBS, fixed with 1% osmic acid, then dehydrated in a serial gradient of ethanol. Samples were then immersed in epoxy resin with acetone and embedded in epoxy resin 812 (Zhongxingbairui, Beijing, China). Segmented nerves were subsequently cut into 1-μm semi-thin sections and mounted on slides, which were dyed with 1% toluidine blue and imaged (Leica). Images of toluidine blue-staining at 200× were used to count numbers of myelinated nerve fibers. In addition, embedded samples were sliced into 50-nm ultrathin sections, stained with lead citrate, and observed by TEM. Circumferences of axonal and myelinated nerve fibers were scaled from 6000× images using ImageJ v1.51 software. At least 100 nerve fibers in each group were measured. From these dimensions, myelin sheath thickness and the diameter of each myelinated nerve fiber were calculated using ImageJ v1.51 software.
walking footprint analysis Four, 8, and 12 weeks post-operation, walking track assessments of all animals that had not been sacrificed at each time point were performed. Briefly, the hind paws of these mice were dipped in red ink and they were permitted to walk on the surface of white paper. Sciatic functional index (SFI) was counted for each footprint. At least 5 footprints from each group were evaluated using the equation: SFI = -51.2 × [(EPL -NPL)/NPL] + 118.9 × [(ETS -NTS)/NTS] -7.5, where EPL is the experimental print length, NPL is the normal print length, ETS is experimental toe spread, and NTS is normal toe spread (Inserra et al., 1998) .
Gastrocnemius muscle wet weight and Masson's trichrome staining
Eight and 12 weeks post-surgery, the gastrocnemius muscle from each repaired side was harvested, blotted with absorbent paper, and evaluated for wet weight. Next, muscles were fixed in 4% paraformaldehyde, dehydrated with a serial gradient of ethanol, and cleared in xylene. Afterwards, specimens were embedded in paraffin and sectioned into 5-μm slices, which were dyed with Masson's trichrome (Solibor, Beijing, China) and observed under a microscope (Leica). Digital images were captured and ratios of muscle fiber area to the total area were calculated using ImageJ v1.51 software.
Statistical analysis
All measurement data are represented as mean ± SD. Analyses were performed with GraphPad Prism 6.0 software (La Jolla, CA, USA). Diameters of myelinated nerve fibers, thicknesses of myelin sheaths, and SFI values were compared between groups at each time point using one-way analysis of variance followed by Bonferroni post hoc test. Other data were compared between groups at the same time point using one-way analysis of variance followed by Tukey's post hoc test. A value of P < 0.05 was considered statistically significant.
Results
Characterization of MDCs
Immunofluorescence staining demonstrated that MDCs expressed fibroblast (vimentin) (Figure 2A and B) and myogenic cell (MyoD and desmin) biomarkers (Figure 2C-F) , confirming that MDCs are a mixed cell population exhibiting multiple morphologies. These results were consistent with a previous study (Chen et al., 2012) .
Diameter and distribution of regenerating myelinated nerves are restored by MDCs
All mice survived without complications. Macroscopic views of regenerating nerves of mice in the four groups at 12 weeks post-operation are presented in Figure 3 . Regenerated nerves from the PUR group ( Figure 3B) were slimmer than observed in EMC ( Figure 3C ) and MDC ( Figure 3D ) groups. The muscle-fabricated conduit of the EMC group was well preserved. The appearance of regenerated nerves in the MDC group was intact. Figure 4 shows NF-H and S100β immunofluorescence staining of regenerating nerves at 8 and 12 weeks post-surgery. In the sham group ( Figure 4A, E, I , and M), NF-H-expressing axons (represented by a pitting form) and S100β-expressing myelin sheaths (ring shapes) were evenly distributed. For the PUR group ( Figure 4B, F, J, and N) , the distribution of NF-H-expressing axons and S100β-expressing myelin sheaths were uniform but with a small scope. In the EMC group, most NF-H-positive axons were distributed along the wall of the conduit (Figure 4C) , while S100β-positive myelin sheaths were not evenly distributed at 8 weeks post-surgery ( Figure 4G) . A portion of NF-H-expressing axons without the pitting form and S100β-positive myelin sheaths without ring shapes were observed, indicating that their arrangement was not parallel with the EMC. The distribution and shape of axons and myelin sheaths from the EMC group at 12 weeks post-surgery were improved (Figure 4K, and O) . In the MDC group ( Figure 4D , H, L, and P), NF-H-expressing axons and S100β-expressing myelin sheaths were uniformly distributed at both time points.
Diameters of nerves were measured from cross-sections of nerves (Figure 5) . At 8 and 12 weeks post-surgery, the diameters of nerves in EMC and MDC groups were significantly increased compared with the PUR group (P < 0.001). Moreover, nerve diameters were larger in the EMC group compared with the MDC group (P < 0.001).
MDCs increase the number, diameter, and myelin sheath thickness of myelinated nerve fibers of regenerating nerves To further investigate the amount of regeneration, numbers of regenerated myelinated nerve fibers in nerve segment groups were counted (Figure 6A-H) . At 8 and 12 weeks post-surgery, myelinated nerve fibers from the sham group were uniformly distributed ( Figure 5E and 6A) , unlike the other groups. At both 8 and 12 weeks post-surgery, myelinated nerve fiber numbers were notably higher in EMC and MDC groups compared with the PUR group (P < 0.001; Figure 6I) . The difference in numbers of myelinated nerve fibers was significant between MDC and EMC groups (P < 0.05).
Ultrathin sections of nerve specimens are shown in Figure  7 . At 8 and 12 weeks post-surgery, diameters of myelinated nerve fibers in the MDC group were significantly larger than in PUR and EMC groups; the difference in myelinated nerve fiber diameters between EMC and PUR groups was also significant. At 8 and 12 weeks post-surgery, myelin sheath thickness was significantly thicker in both EMC and MDC groups compared with the PUR group. Myelin sheath thickness was similar between MDC and EMC groups at 8 weeks post-surgery, but was thicker in the MDC group compared with the EMC group at 12 weeks post-surgery (P < 0.01).
MDC transplantation promotes motor function of sciatic nerve after impair
The motor function of mice was assessed using walking-track analysis (Figure 8A-D) , with the results expressed as SFI. Twelve weeks post-surgery, experimental toe spreads of MDC ( Figure 8D ) and EMC ( Figure 8C ) groups were larger than observed in the PUR group ( Figure 8B) . SFI was notably higher in MDC and EMC groups compared with the PUR group at 4, 8, and 12 weeks post-surgery ( Figure 8E) . SFI was higher in the MDC group than in the EMC group at 8 weeks post-surgery (P < 0.001).
MDCs improves gastrocnemius muscle recovery from atrophy
Recovery of the gastrocnemius muscle from atrophy was assessed by the wet weight of gastrocnemius muscles. Recovery was also evaluated by calculating muscle area ratios of sections with Masson's trichrome staining. Depending on the macroscopic appearance of gastrocnemius muscles ( Figure  9A-D) and Masson's trichrome-stained sections (Figure 9E -H) of repaired sites 12 weeks post-surgery, different extents of atrophy existed in the three repaired groups. Eight and 12 weeks post-surgery, gastrocnemius muscle wet weights were notably increased in MDC and EMC groups compared with the PUR group ( Figure 9I) . The MDC group exhibited increased muscle weight at 8 weeks post-surgery (P < 0.001), but was not statistically different at 12 weeks compared with the EMC group.
Sections with Masson's trichrome staining showed that different degrees of collagen deposition existed in gastrocnemius muscle fibers of the three repaired groups (Figure 9F-H) . Ratios of muscle area were larger at 8 weeks post-surgery in the MDC group compared with EMC and PUR groups ( Figure 9J) . At 12 weeks post-surgery, muscle area ratios in MDC and EMC groups were both larger than observed in the PUR group. However, no significant difference was detected between EMC and MDC groups.
Discussion
Cell transplantation is a promising method to promote peripheral nerve regeneration. MDCs, with their powerful secretory function (Pedersen, At 8 and 12 weeks post-surgery, the diameters of nerves were larger in EMC and MDC groups compared with the PUR group. The EMC group had a larger nerve diameter compared with the MDC group. ***P < 0.001, vs. PUR group; ###P < 0.001, vs. EMC group. Data are expressed as the mean ± SD (n = 4; one-way analysis of variance followed by Tukey's post hoc test). EMC: External oblique muscle-fabricated nerve conduit; MDC: muscle-derived cell; PUR: polyurethane; Sham: sham-operated. and cultured. Meanwhile, the MDSC component of MDCs, which can differentiate into mesoderm cells and ectoderm cells (Tamaki et al., 2007; Tamaki et al., 2014) , can highly express antioxidants and survive under oxidative and hypoxic stresses (Urish et al., 2009; Vella et al., 2011) . This study provides the first report of the effects of seeding nerve conduits with MDCs on repair of transected nerves. The results showed that compared with conduits alone, MDCs effectively (1) increased the diameter of the regenerated nerve; (2) increased the number and myelin sheath thickness of myelinated nerve fibers of the regenerated nerve; (3) promoted the recovery of motor function; and (4) increased the wet weight and reduced collagen deposition of gastrocnemius muscles. In addition, both MDC and EMC groups were noticeably superior to the PUR conduit alone for all measured criteria. These data indicate that MDCs effectively promoted peripheral nerve regeneration and could be a cell source for treating peripheral nerve diseases.
Previous studies have demonstrated the effectiveness of transplanting cells, such as Schwann cells and various types of stem cells, for repair of peripheral nerve defects (Fan et al., 2014; Jiang et al., 2016; Jiang et al., 2017) . These cells promote peripheral nerve regeneration by secreting growth factors that accelerate Schwann cell migration or proliferation, differentiating into Schwann cell-like cells or neurons that participate in the construction of peripheral nerve tissue, or acting as transmitters of proximal and distal nerve messages (Pang et al., 2013; Fan et al., 2014; Jiang et al., 2016 Jiang et al., , 2017 .
Immunofluorescence staining showed that the diameter of regenerating nerves was larger in MDC and EMC groups compared with the PUR group. Toluidine blue staining revealed increased numbers of myelinated nerve fibers in MDC and EMC groups compared with the PUR group. MDCs and fresh skeletal muscle both contain MDSCs, which have been shown to differentiate into Schwann celllike cells in vivo and in vitro, and form myelin sheaths that participate in peripheral nerve reconstruction (Lavasani et al., 2014; Tamaki et al., 2014) . In addition, MDSCs can differentiate into perineurial/endoneurial cells to form perineurium/endoneurium, which encircles regenerated axons (Tamaki et al., 2014) . Otherwise, axons were wrapped with a skeletal muscle component when EMC was used to bridge nerve gaps in mice (Yang et al., 2013) . These results indicate that MDSCs from MDCs and EMC participated in the construction of peripheral nerve tissue to promote peripheral nerve regeneration.
Immunofluorescence staining of sections indicated that myelin sheaths and axons of nerves from the MDC group were more evenly distributed compared with the EMC group at 8 weeks post-surgery. Further, the number and diameter of myelinated nerve fibers, SFI, muscle wet weight, and muscle area ratio indicated better outcomes in the MDC group at this time point compared with the EMC group. These phenomena suggest that the distribution of axons and myelin sheath in the peripheral nerve is strongly associated with functional recovery, as is the distribution of cells within nerve conduits. MDCs were uniformly distributed when seeded into PUR conduits in the MDC group. Hence, the up to 300 myokines secreted by MDCs (Pedersen, 2011; Le Bihan et al., 2012; Raschke et al., 2013; Hartwig et al., 2014) were likely evenly distributed within the catheter in the MDC group, while the concentration of myokines was relatively high close to the wall of the EMC. These myokines can induce Schwann cells, which provide a structural and bioactive environment that regulates both axonal regeneration after peripheral nerve impair (Brosius Lutz and Barres, 2014; Jessen and Mirsky, 2016; Gomez-Sanchez and Pilch, 2017) and nerve fiber growth towards them. Thus, nerve fibers of the EMC group at 8 weeks post-surgery were relatively concentrated close to the wall of the EMC, similar to the results of a previous study (Yang et al., 2013) . These results suggest that the secretary function of MDCs could be another potential mechanism by which they participate in peripheral nerve repair.
Fresh skeletal muscles or EMC fabricated from fresh skeletal muscle have been shown to effectively promote peripheral nerve regeneration (Geuna et al., 2003 Yang et al., 2013) . The effectiveness of MDCs for facilitating peripheral nerve repair was comparable with or even superior to that of EMC for criteria measured in the current study. Indeed, cells within the EMC required a longer time and distance to participate directly or indirectly in nerve reconstruction by migration along the nerve conduit. Moreover, with more EMC components, the effect of peripheral nerve repair may be more complicated. Although our data indicated positive effects of MDCs on peripheral nerve regeneration, the underlying mechanisms are still unclear. MDCs are a mixed cell population for which, to our knowledge, there is still no uniform biomarker. Therefore, it is difficult to determine which cells in MDCs play a decisive role. Moreover, nerve repair is a complex procedure involving various cells and factors. Further experiments in vitro and in vivo are required to confirm the outcome of MDCs during peripheral nerve regeneration and verify the effects of MDCs on Schwann cells or neurons of peripheral nerves.
In summary, morphological, histological, and functional assessments confirmed that MDCs could accelerate the regeneration of peripheral nerves; indeed, observations were comparable to that of EMC. These data suggest that MDCs are an alternative and promising cell source for cell therapies targeting peripheral nervous system disorders and reconstruction of peripheral nerve defects. As such, the mechanism by which MDCs affect peripheral nerve repair is worthy of further studies. 
